Alignment of Rat Cardionatrin Sequences with the

Preprocardionatrin Sequence from Complementary DNA

Abstract. Mammalian atria contain peptides that promote the excretion of salt and
water from the kidney. When rat atrial tissue is extracted under conditions known to
inhibit proteolysis, four natriuretic peptides, cardionatrins I to IV, are consistently
isolated. These peptides derive from a common precursor, preprocardionatrin, of
152 amino acids, whose sequence was determined by DNA sequencing of a
complementary DNA clone. Amino acid sequencing located the start points of
cardionatrins I, IIl, and IV in the overall sequence. Cardionatrin IV most closely
resembles procardionatrin because it begins immediately after the signal sequence
at residue 25. Cardionatrin III begins at residue 73, and cardionatrin I, sequenced
previously, begins at residue 123. Compositional analysis indicated that each of
these cardionatrins extends up to tyrosine at position 150 but lacks the terminal two

arginine residues.

Several laboratories have recently re-
ported the isolation and amino acid se-
quences of peptides from mammalian
atria that are potent diuretic, natriuretic,
and vasodilatory agents (/—4). This re-
cent work substantiated previous studies
(5, 6) that showed that atrial extracts
contain a number of these peptides
which, although differing in molecular
weight, have the same biologic activity.
The peptides were referred to collective-
ly as atrial natriuretic factor (7). All the
peptides sequenced so far are either
truncated or extended versions of a 28-
residue disulfide-looped structure (desig-
nated cardionatrin I) whose sequence
was reported initially from our labora-
tory (1).

Cardionatrin I is one of the most abun-
dant of the native natriuretic peptides in
atrial muscle when tissue extractions are
carried out under conditions known to
inhibit proteolysis (8). Under such condi-
tions, we have not found the multitude of
different peptides reported (2, 3) that
differ in amino acid sequence from car-
dionatrin I by a few amino acids. On the
contrary, we have consistently observed
only three other biologically active pep-
tides-—cardionatrins II, III, and IV—all
of which have larger molecular weights
than cardionatrin I. All the biologically
active atrial peptides have been shown to
derive from a common precursor (9-12),
but it remains to be determined which of
the peptides isolated are the precursor’s
natural cleavage products.

We now report that cardionatrin 1V,
the largest peptide, is the proprotein
precursor of cardionatrin I. This discov-
ery has allowed us to establish the junc-
tion between the signal peptide and the
proprotein, a feature that had been pos-
tulated from the complementary DNA
(cDNA) sequence. The amino terminal
sequence of the proprotein has a high
degree of homology with cardiodilatin, a
vasodilating peptide isolated from pig
heart (13); this finding raises the possibil-
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ity that different functions are associated
with different parts of the protein. In
addition, we have independently estab-
lished the sequence of a cloned cDNA
for the rat cardionatrin precursor.

Rat atria were extracted with acid as
described (see legend to Fig. 1). After
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fractionation of the atrial extract on Bio-
Gel P-10 (Fig. 1a), diuretic activity was
found in four broad regions (I to IV) of
differing molecular weights. Pooled frac-
tions from each of the areas I, II, III, and
IV were processed separately by re-
versed-phase high-performance liquid
chromatography (HPLC) (Fig. 1, bto e).
Purified, homogeneous cardionatrins I,
III, and IV were obtained by these and
additional processes as described (see
legend to Fig. 1).

Cardionatrin I was identical to the
peptide isolated and sequenced previ-
ously (/). Cardionatrin IV had a molecu-
lar weight of approximately 19,000 as
revealed by urea-sodium dodecyl sul-
fate—polyacrylamide gel electrophoresis
(SDS-PAGE) (Fig. 2). The primary
structure of the first 30 residues of this
peptide was determined by stepwise Ed-
man degradation of the unmodified pro-
tein by means of a gas-phase sequencer
(Applied Biosystems model 470A) (14).

Fig. 1. Gel-permeation chromatography of
atrial extracts (a) and the first purification
step by HPLC of cardionatrins I (b), II (c), III
(d), and IV (e). One thousand frozen rat atria
were ground together with solid CO, chips
and homogenized (Polytron) in 10 volumes
(by weight) in 1.0M acetic acid, 1.0N HCI,
and 1 percent NaCl. After centrifugation of
the extracts, the supernatants (20-ml portions)
were passed through wetted Sep-Pak (Waters)
cartridges. Each cartridge was washed with
20 ml of 0.1 percent trifluoroacetic acid (TFA)
and eluted with 3 ml of 80 percent acetonitrile
in 0.1 percent TFA. The eluted material was
combined, freeze-dried, dissolved in 5 ml of
1.0M acetic acid and 1 percent NaCl, and
fractionated on a BioGel P-10 column (2.5 by
40 cm) equilibrated with the same solution.
Fraction pools I, II, III, and IV (a) were
processed further by HPLC by pumping them
directly into two serially connected Vydac C,g
columns (10 by 250 mm) that had been equili-
brated with 12 percent acetonitrile in 0.1
percent TFA. Elution was carried out at 3.0
ml per minute with acetonitrile gradients (12
to 44 percent) containing 0.1 percent TFA.
These gradients were achieved by varying the
input of the organic pump (percent of B, b to
e), which delivered an 80 percent (weight by
volume) acetonitrile solution in 0.1 percent
TFA. Elution times for cardionatrins I, II, III,
and IV were determined by the rat bioassay
(7) and are indicated as CI (b), CII (c¢), CIII
(d), and CIV (e), respectively. Cardionatrins I
and II were isolated as described in (/) and by
further purification in similar acetonitrile gra-
dients containing 0.13 percent heptafluorobu-
tyric acid as counter-ion. Cardionatrins III
and IV were purified further by high-perform-
ance cation-exchange chromatography
(Spherogel TSK, 4 by 300 mm; Altex) with a
gradient (over 60 minutes at 1.0 ml per min-
ute) of 0.010M to 1.0M ammonium formate
buffer (pH 6.5) containing 10 percent acetoni-
trile. All cardionatrins went through a final
purification step performed in a Vydac Cig
column (4.6 by 250 mm), eluted at 1.5 ml per
minute with acetonitrile gradients containing
0.1 percent TFA.
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Fig. 2. Urea-SDS-PAGE of cardionatrin IV.
The system used was essentially that of
Laemmli (/9). The molecular weights of stan-
dard proteins are (a) 92,500 (phosphorylase
B); (b) 66,200 (bovine serum albumin); (c)
45,000 (ovalbumin); (d) 31,000 (carbonic an-
hydrase); (e) 21,500 (soybean trypsin inhibi-
tor); and (f) 14,300 (lysozyme). The standard
curve was constructed with ovalbumin (O),
carbonic anhydrase (OJ), soybean trypsin in-
hibitor (A), and lysozyme (@®). Cardionatrin
IV is indicated by (IB).

The sequence was identical to residues
25 to 54 of the anticipated preproprotein
sequence from a cloned cDNA sequence
determined by us (Fig. 3) and by others

GASLGAGAALCAGAGA

109

(9-12). Both the molecular weight and
amino terminal sequence of cardionatrin
IV are consistent with its being procar-
dionatrin, but the amino acid composi-
tion (Table 1) suggests that it lacks the
two carboxyl terminal arginine residues.

The amino terminal sequence of car-
dionatrin IV beginning with asparagine is
the predicted cleavage point for the re-
moval of the signal sequence according
to the observations of Perlman and Hal-
verson (15). Before these observations
were made, the junction of the signal
peptide and proprotein had been predict-
ed correctly by Yamanaka et al. (9) and
Maki et al. (10). The analogous position
in the human natriuretic factor precursor
was shown to be a cleavage point by the
isolation and characterization of +y-hu-
man atrial natriuretic polypeptide (11),
which is the human analog of cardiona-
trin IV. In addition, the amino terminus
of cardionatrin IV is in register with, and
matches almost exactly, the amino ter-
minal sequence of cardiodilatin, a pep-
tide with smooth muscle relaxant activi-
ty isolated from porcine atria (/3). In
cardiodilatin, positions S and 6 are Gly-
Ser, whereas the same positions in rat
procardionatrin are Ser-Ala; these two
differences in sequence reflect the con-
served nature of this peptide in different
species.

Cardionatrins II and III are both pres-
ent in such small amounts in acid ex-
tracts of rat atria that it was not possible
to characterize them extensively. How-
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Table 1. Amino acid compositions of cardion-
atrins I, III, and IV. Compositions were de-
termined by a 24-hour continuous hydrolysis
in boiling HCI (6N) and analysis on a Beck-
man 119C amino acid analyzer. Numbers in
parentheses indicate the number of residues
found in sequence.

Residues (number per mole)

Amino
acid * 1l v

Asx 219(2) 5.9¢() 13.3 (14)
Thr 097 (1) 3503
Ser 472 (5) 11.6 (12) 13.4 (15)
Glx 139(1) 484 11.3 (12)
Pro 6.2 (6) 9.6 (10)
Gly 5.03(5) 10.7(11) 13.1 (12)
Ala 1.32(1) 5.2(5 8.7 (10)

12 Cys 2402 23(2) 1.8 (2)
Val 2.202) 5.9 (6)
Met 1.7(3)
Ile 2372 2402 2212
Leu 2.16(2) 9.4 (10) 15.2 (15)
Tyr 1.37(1) 0.8(1) 2.6 (2)
Phe 2.28(2) 2.8(2) 3.8(3)
Lys 1.7 (2) 3.1 (4)
His 0.7(1)
Arg 4.73(5) 9.5(10) 8.4 (10)

Totalt 28 76 124
*Values taken from (/). tTotals for cardionatrins

IIT and IV do not include tryptophan.

ever, determination of the amino acid
sequence of the first 17 residues of car-
dionatrin III showed that the amino ter-
minus of this molecule is located at resi-
due 73 of the preproprotein. The small
amounts of purified cardionatrin II re-
covered from atrial extracts (~100 pmol
per 1000 atria) precluded accurate se-
quencing of this peptide. Because all

Fig. 3. Preprocardionatrin and its cleavage
products. Polyadenylated RNA was isolated
from rat atria as described (20) and was used
to prepare cDNA clones as described (21). In
this instance, the double-stranded cDNA'’s
were tailed with guanine and annealed into the
cytosine-tailed Pst I site of pUC9 (22), which
was then used to transform Escherichia coli
strain JM83 to the ampicillin-resistant pheno-
type. Colonies (650) that remained white in
the presence of 5-bromo-4-chloro-3 indolyl-8-
D-galactoside were screened for hybridization
to the nick-translated 3*P-labeled insert from
the cardionatrin cDNA clone car 3 (20). The
DNA from 1 of the 11 clones that hybridized
(car 60) was end-labeled with the Klenow
fragment of E. coli DNA polymerase I and
was sequenced (23) from the Bgl II sites at
166 and 379 bp (base pairs), from the Ava Il
site at 367 bp, from the Acc I site at 143 bp,
from the Xho I site at 536 bp, from the Cla I
site at 657 bp, and from the Hind III and
Acc I sites in the multiple-cloning site of
pUC9 flanking the cDNA insert. Two putative
polyadenylation signals are underlined. The
amino terminal sequences of cardionatrins IV
and III are indicated by arrows aligned to the
preprocardionatrin  sequence. These se-
quences were determined by automatic Ed-
man degradation and by analyzing the phen-
ylthiohydantoin amino acids as described
24).

SCIENCE, VOL. 228



four cardionatrins are natriuretic, it is
expected that they contain most of the
sequence of cardionatrin I. Composition-
al analysis of cardionatrins III and IV
(Table 1) indicated that these proteins
extend up to and include tyrosine at
position 150.

Identification of the start points for
cardionatrins I and III in procardionatrin
confirmed that these products are de-
rived from a common precursor, car-
dionatrin IV. They are part of a growing
list of cleavage products that include a
106-residue peptide (16), a 73-residue
peptide (/7), and numerous versions of
the carboxyl terminal portion that we
have isolated as cardionatrin I. It is not
clear which of these are intermediates in
a maturation pathway in vivo and which,
if any, are artifacts of preparation.

The very small peptides (atriopeptins)
isolated and sequenced by Currie et al.
(3) were not present when rat atria were
subjected to acid extraction by the pro-
cedures we used and by those of de Bold
and Flynn (6), and it is possible that
peptides shorter than cardionatrin (resi-
dues 1 to 28) are artifacts of extraction
(18). Our extraction procedure is similar
to that used for the extraction of pitu-
itary hormones by Bennett et al. (8), who
showed that the structural integrity of
peptides in rat anterior pituitary was
maintained during acid extraction and
purification. It is possible, therefore,
that cardionatrins I to IV are the natural
cleavage products from procardionatrin.
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Leukotriene C4 Transport by the Choroid Plexus in Vitro

Abstract. Nanomolar concentrations of peptidoleukotrienes evoke sustained cere-
bral edema and arterial constriction. Peptidoleukotrienes are thus considered to play
an important role in eliciting cerebral edema after cerebral ischemia and vasospasm
after subarachnoid hemorrhage. It was hypothesized that the choroid plexus, the
locus of the blood—cerebrospinal fluid barrier, might minimize the vasoactivity of
locally generated or systemically derived leukotrienes by transporting leukotrienes
from cerebrospinal fluid into the blood. Consistent with this hypothesis, leukotriene
C4 invitro was transported into and released from isolated rabbit choroid plexus by a
system that was specific, energy-dependent, probenecid-sensitive, and depressed by
cold temperatures. The accumulation of leukotriene C, in the choroid plexus was not
dependent on tissue binding or metabolism of leukotriene Cy.

The leukotrienes include the pharma-
cologically active peptidolipids, one of
which, the slow reacting substance of
anaphylaxis, is now known to be a mix-
ture of leukotrienes C4, D4, and E, (1).
Leukotrienes are synthesized via hydro-
peroxyeicosatetraenoic acid (HPETE)
generated from arachidonic acid by the
S-lipoxygenase pathway (I/). When leu-
kotriene C is injected intravenously, it
does not appear in the central nervous
system in functionally relevant quanti-
ties (2). Whether this is due to poor entry
of this large, water-soluble molecule or
to active transport of leukotrienes out of
the central nervous system, or both, is
not clear. However, leukotriene C
(LTC,) is synthesized in gerbil brain
after cerebral ischemia and reperfusion
(3). Moreover, products of the lipoxy-
genase pathway such as 5S-HPETE are
detectable in cerebrospinal fluid (CSF)
of patients with subarachnoid hemor-
rhage (4). Because of the extremely po-
tent cerebral vasoconstrictor (5) and ede-
ma-promoting activities (/) of the leuko-
trienes, they have been considered to
play an important role in eliciting cere-
bral edema after cerebral ischemia (3)
and vasospasm after subarachnoid hem-
orrhage (4).

To eliminate these potent substances,
the central nervous system might either
metabolize them to inactive products or
transfer them to the blood for subse-
quent metabolism in liver and kidney.
We hypothesized that a mechanism for
transferring leukotrienes out of the cen-

tral nervous system might be contained
in the CSF compartment within the cho-
roid plexus, a locus of the blood-CSF
barrier (6). The choroid plexus is in-
volved in the transfer of many water-
soluble substances between blood and
CSF by separate, specific, carrier-medi-
ated mechanisms (6, 7). Our study of the
isolated rabbit choroid plexus shows that
(i) there is a specific energy-dependent
system for uptake of LTC, in the choroid
plexus, and (i) this uptake does not
depend on binding or intracellular me-
tabolism of the LTC,, within choroid
plexus. Furthermore, the uptake system
has a relatively low affinity but high
transport capacity for LTC,. These re-
sults are compatible with the choroid
plexus serving as a locus of transport of
LTC, from CSF into blood in vivo.
[14,15-*H]Leukotriene C, (*H]LTC,;
39 Ci/mmol) (New England Nuclear) was
purified by high-performance liquid
chromatography (HPLC) before being
used (8). The choroid plexuses (~5 mg
each), obtained from brains of New Zea-
land White rabbits (1.5 to 2.0 kg) killed
with intravenously injected pentobarbi-
tal, were individually placed in 3 ml of
artificial CSF (in plastic flasks) contain-
ing 5 mM glucose and 3.0 nM [*H]LTC,
(9, 10). In some cases, various other
substances were added to the medium.
The incubations were carried out in a
metabolic shaker at 37°C under 95 per-
cent O, and 5 percent CO, for various
times up to 15 minutes. At the end of the
incubation, each choroid plexus was
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